Based on the van der Waals density functional theory (vdW-DFT)+U scheme, we carry out the ab initio molecular dynamics (AIMD) study of the interaction dynamics for H 2 impingement against the stoichiometric PuO 2 (111), the reduced PuO 2 (111), and the stoichiometric α-Pu 2 O 3 (111) surfaces. The hydrogen molecular physisorption states, which can not be captured by pure DFT+U method, are obtained by employing the vdW-DFT+U scheme. We show that except for the weak physisorption, PuO 2 (111) surfaces are so difficult of access that almost all of the H 2 molecules will bounce back to the vacuum when their initial kinetic energies are not sufficient. Although the dissociative adsorption of H 2 on PuO 2 (111) surfaces is found to be very exothermic, the collision-induced dissociation barriers of H 2 are calculated to be as high as 3.2 eV and 2.0 eV for stoichiometric and reduced PuO 2 surfaces, respectively. Unlike PuO 2 , our AIMD study directly reveals that the hydrogen molecules can penetrate into α-Pu 2 O 3 (111) surface and diffuse easily due to the 25% native O vacancies located along the 111 diagonals of α-Pu 2 O 3 matrix. By examining the temperature effect and the internal vibrational excitations of H 2 , we provide a detailed insight into the interaction dynamics of H 2 in α-Pu 2 O 3 . The optimum pathways for hydrogen penetration and diffusion, the corresponding energy barriers (1.0 eV and 0.53 eV, respectively) and rate constants are systematically calculated. Overall, our study fairly reveals the different interaction mechanisms between H 2 and Pu-oxide surfaces, which have strong implications to the interpretation of experimental observations.
I. INTRODUCTION
Plutonium (Pu) is one kind of strategically vital fissile material owning attractive nuclear properties for both energy production and nuclear explosives. From basic point of view, Pu is the most complex element in the periodic table showing such intricate properties as the complicated Pu-5f states [1] [2] [3] [4] , which are very sensitive to the slight variations of the surrounding physical and chemical environments. Thus, since it was first isolated and the samples became available, Pu has always been challenging the boundaries of knowledge of the fundamental science and attracting extensive researching attentions. However, during the preparation/handling of Pu-sample and the long-term storage of Pu-device, the reactive Pu metal will easily suffer from the environment-dependent chemical corrosions, among which the surface oxidation is to some extent unavoidable because of the ubiquitous oxygen in the realistic environment. Also, the surface hydrogenation is catastrophic for Pu and need to be avoided since the Pu-hydride product can violently catalyze the oxidation (by a factor of 10
13
) and even induce the pyrophoricity of Pu. Actually, the surface corrosion and oxidation of Pu are often treated as equivalent topics since the readily generated surface layers of Pu oxides prominently influence other corrosion courses of Pu metal such as the first step of Pu-hydrogenation named the induction period. Moreover, given the high radioactivity and toxicity of Pu, the easily dispersed Pu-hydride and Pu-oxide undoubtedly bring more hazards to the personnel and the environment during handling and storage of Pu metal. Therefore, understanding the effects of Pu-oxide surface layers in the chemical corrosion (especially the hydrogenation) of Pu metal is crucial for the plutonium science, the environment, and the nuclear energy sectors. However, it is also full of challenges that beset experimentalists.
As a matter of fact, the oxidized surface layers are directly involved in the corrosion process of Pu metal. In many technological applications of Pu oxides such as in nuclear fuel cycle, it is always desirable to study the surface properties and surface reactivity of Pu oxides. Many experiments [5] [6] [7] have been devoted to studying the oxidation mechanisms of Pu metal under various atmospheres and temperatures, and eventually come to a main conclusion that the multivalent nature of Pu presents an active response to the varying environment, in other words, it is difficult to stabilize Pu at one oxidation state when the surrounding conditions (such as relative humidity, oxygen content, and the temperature) change. As a result, the complex Pu-O phase diagram [8] has not been completely described yet, let along the detailed surface conditions of such many kinds of Pu oxides. When exposed to oxygen-rich air, metallic Pu surface oxidizes to a protective dioxide (PuO 2 ) layer [6, 7, 9] and a thin sesquioxide (Pu 2 O 3 ) layer existing in between. Under special aqueous condition, the hydration reaction on PuO 2 surfaces (PuO 2 +xH 2 O→PuO 2+x +xH 2 ) has been reported to generate higher compound PuO 2+x (x≤0.27) [10] . Whereas, it has been theoretically proved to be strongly endothermic [11] and the products (PuO 2+x ) have been experimentally found to be chemically unstable at elevated temperatures [12] . Thus, PuO 2 is the stable oxide as the compound of choice for the long-term storage of Pu and as the nuclear fuels. However, under oxygen-lean conditions (in the vacuum or inert gas), the PuO 2 -layer undergoes the thermodynamically driven auto-reduction (AR) to Pu 2 O 3 , including the low-temperature phase of α-Pu 2 O 3 in cubic structure (Ia3) and the high-temperature β-Pu 2 O 3 in a hexagonal structure (P 3m1). More recently, sub-stoichiometric sesquioxide Pu 2 O 3−y (y = 0 to 1) has been obtained from further AR of PuO 2 layer on Pu surface [13] . All of those studies have shown us the complex surface conditions of oxide-coated Pu, and made us believe that they are one of the controlling factors for the subsequent corrosion of Pu. As pointed out hereinbefore, for the safe handling and storage of Pu-based materials, it is a very important topic to control or avoid the catastrophic Pu-hydrogenation. Whereas, early experiments have found that the length of induction period in Pu-hydrogenation is mainly determined by the component and configuration of the preexisting Pu-oxide overlayer, namely, compared with the PuO 2 overlayers under ambient conditions, the Pu 2 O 3 under ultra high vacuum (UHV) conditions can promote the Pu-hydrogenation reaction by markedly shortening the induction period [6] . Since then, experimentalists have invested persistent efforts to better understand the roles of Pu-oxide overlayers and to quantify the controlling factors/parameters in detail [14] , aiming to establish a predictive model of Pu-hydrogenation. More recently, Dinh et al. [15] have investigated the role of cubic α-Pu 2 O 3 in the hydrogenation of PuO 2 -coated Pu by chemically and mechanically altering the PuO 2 surface on Pu, and demonstrated that induction periods are consistently eliminated at conditions that produce catalytic α-Pu 2 O 3 . They also pointed out that more experimental efforts are surely needed to clarify such unclear factors for the unpredictable induction period as the solubility and diffusion of hydrogen species in Pu oxides. McGillivray et al. [16] In order to address the above-mentioned issues, theoretical schemes have to reasonably describe the ground state properties of Pu oxides at first, and then guarantee that the ab initio molecular dynamics (AIMD) simulations of the interactions between Pu-oxide surfaces and H 2 molecules are methodologically reliable and computationally viable. However, the conventional density-functional theory (DFT) underestimates the strong on-site Coulomb repulsion of the 5f electrons and incorrectly describes PuO 2 as a metal [17] instead of a Mott insulator reported by experiments [18] . Fortunately, several beyond-DFT approaches, including the DFT+U [19] , the self-interaction corrected LDA [2, 20] , the hybrid density functional of (Heyd, Scuseria, and Enzerhof) HSE [21] , and LDA+dynamical mean-field theory (DMFT) [22] , have been developed to correct the failures of conventional DFT in calculations of Pu oxides. The effective modification of the pure DFT by the DFT+U formalism has been confirmed widely in studies of physical properties of Pu-oxides (PuO 2 , α-Pu 2 O 3 and β-Pu 2 O 3 ) [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , such as the insulating ground states, the lattice parameters, the bulk modulus, the phonon spectra and density of states (DOS), the surface stability and chemical activity, and the redox energetics. Note that within the DFT+U framework, both PuO 2 and Pu 2 O 3 are described as the antiferromagnetic (AFM) insulator. The calculated AFM ground state of Pu 2 O 3 is actually consistent with experimental measurements [33, 34] .
However, unlike the affirmative AFM Pu 2 O 3 and UO 2 , PuO 2 is peculiar due to its complex ground-state multiplet, so that strictly speaking its paramagnetic ground state has not been well understood and an AFM exchange [35, 36] between Pu ions in PuO 2 is still used to explain the discrepancy between neutron-scattering experiments [37] and magnetic susceptibility measurements [38] , which is beyond the scope of our current work. In spite of all the published papers and increasing attentions focusing on Pu oxides, our theoretical understanding on the basic mechanisms for the hydrogenation of Pu-oxide coated Pu is, to put it mildly, very poor. Especially, little is known regarding the interaction behaviors of H 2 on Pu-oxide surfaces, which is in sharp contrast to the depth and comprehensiveness of researches conducted upon the surface reaction mechanisms of ceria [39] [40] [41] [42] [43] [44] . As far as we are aware, Wu et al. [26, 27] As a continuation of our theoretical studies on Pu-surface corrosion [31, 32] the α-Pu 2 O 3 during the diffusion. The rest of this paper is organized as follows. The details of our calculations are described in Sec. II. In Sec. III we present and discuss the results.
In Sec. IV, we summarize our main conclusions.
II. DETAILS OF CALCULATION
The spin-polarized vdW-DFT+ U calculations are performed using the Vienna ab initio simulation package (VASP) [45] with the projector-augmented wave (PAW) method [46] and a plane-wave cutoff energy of 400 eV. The Pu-6s , and H-1s 1 electrons are treated as valence electrons, while the remaining electrons were kept frozen as core states in the PAW method. The electronic exchange and correlation are treated within the generalized-gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional [47] , and the strong on-site Coulomb repulsion among the Pu-5f electrons is described with the DFT+U scheme formulated by Dudarev et al. [19] . 
where E relax slab is the total energy of the fully relaxed α-Pu 2 O 3 surface slab, E bulk is the energy of the reference bulk α-Pu 2 O 3 with the same number of atoms, and the denominator 2A is the total area of both surfaces of the slab with a finite thickness. Based on extensive test calculations, the E Due to the "Tasker-type-II" character of PuO 2 (111) and α-Pu 2 O 3 (111) surfaces, the noncoplanar O-anion and Pu-cation may generate surface dipole moment along the Z direction, especially when the surface O-vacancies exist. In order to detailedly discuss the multiple interaction mechanisms between H 2 and Pu-oxide surfaces, van der Waals (vdW) dispersion forces upon H 2 had better be considered. In this study, we employ the non-local vdW-DFT+U approach [52, 53] to calculate the static potential-energy pathway (PEP) along which a cold H 2 approaches to Pu-oxide surfaces, and to simulate the dynamic interaction between a hot H 2 (with certain initial kinetic energy) and the Pu-oxide surfaces. Moreover, we expect that the static PEP calculations and the AIMD simulations can complement each other to achieve a thorough understanding of the energetics factor and dynamics process determining the distinct roles of PuO 2 and α-Pu 2 O 3 overlayers in Pu hydrogenation. From the PEP results, we can analyze the binding strength between Pu-oxide and H 2 molecule via the adsorption energy E ad , which is given by
Here, E H 2 /Pu-oxide , E Pu-oxide and E H 2 are the total energies of the adsorption system, the pure Pu-oxide system, and the H 2 molecule without zero-point vibration, respectively.
The AIMD simulations under the Born-Oppenheimer approximation are performed using the Verlet algorithm with a time step of 0.5 fs within the micro canonical ensemble (NVE). With the NVE-AIMD, the very fast impingement of H 2 molecule against the Puoxide surfaces is simulated to uncover the possible molecular dissociation and estimate the high dissociation barriers. Based on the harmonic approximation and the vibrational energy E vib written as
the ground-state zero-point vibration (n = 0) and internal vibrational excitation (n = 1 or 2) of H 2 molecule with a calculated harmonic frequency (ν = 128 THz) are also considered.
In addition, the canonical ensemble (NVT) at several prefixed temperatures through a Nosé thermostat [54] has also been employed as an alternative approach to discuss the high temperature effect on the state or behavior of H 2 molecule in α-Pu 2 O 3 . However, the short time scale that can be simulated by the AIMD based on vdW-DFT+U is a major limitation for such rare events as the penetration and diffusion of H 2 molecule in this study, which usually take place on a much longer timescale (of milliseconds or more) than the atomic vibrational timescale of femtoseconds. Here, we attempt to depict such rare events by using the harmonic transition state theory (hTST) with the rate constant given by
where ν IS i and ν
TS i
are the normal mode vibrational frequencies of the initial and transition states, respectively. Here, the energy barrier ∆E is defined as the energy difference between the initial state (IS) and transition state (TS), where the TS structures for relevant processes are located by employing the climbing image nudged elastic band (CI-NEB) method [55] using at least three images along each pathway. The vibrational frequencies are obtained by diagonalization of the force-constant matrix in Cartesian coordinates (Hessian), where the force constants are obtained from finite differences of the forces with atomic displacements of ±0.02 Å. Then, we can further use the frequencies to characterize whether an optimized stationary point is an initial/minimum state without imaginary frequency or a TS with only one imaginary frequency.
III. RESULTS AND DISCUSSION
Since the surface interaction with molecular monomer is very site-specific, as shown in The H 2 molecule is initially placed over different Pu-oxide surface sites with a height of 4 or 4.5 Å and the initial orientation at each site is set to be along the X, Y , and Z axes, respectively. Altogether, we construct 33 high-symmetry initial geometries of H 2 on three Pu-oxide surfaces and name them by adding a corresponding postfix-T1-X for example, among which 11 '-X' structures are presented in Fig. 1 . In addition, we also generate some low-symmetry initial geometries by rotating H 2 with small angles, and find that lowsymmetry geometries can relax into the high-symmetry ones after geometry optimization.
Thus, in the static PEP calculations, the H-H bond is fixed to be either parellel or perpendicular (i.e., the '-Z' cases) to the (111) surface when the H 2 molecule drops step by step from its initial location. Since a H 2 molecule on a solid surface has 6 degrees of freedom In this subsection, we focus on the interaction mechanisms between H 2 and PuO 2 (111) surfaces, namely, stoichiometric/ideal PuO 2 (111) and reduced/defective PuO 2 (111) surfaces (see Fig. 1 ).
First of all, the effects of vdW forces upon H 2 molecule from the ideal-PuO 2 (111) surface are probed by an overall comparison between vdW-DFT+U and DFT+U calculated PEPs.
We find that the pure DFT+U calculations usually can not capture the physisorption state of H 2 (with the adsorption energy E ad of H 2 underestimated to less than 15 meV); not but what the vdW-DFT+U scheme is able to do that. The improved description of H 2 physisorption by vdW-DFT+U is particularly so when diatomic molecule H 2 is perpendicular to the idealPuO 2 (111) surface, for example, the F1-Z PEPs presented in Fig. 2(a) . When H 2 drops from F1-Z of h 0 = 4.5 Å, the DFT+U PEP indicates nearly an onefold force of repulsion existing between H 2 molecule and ideal-PuO 2 (111) surface, since the variation of relative energy as a function of h can be well fitted by 1/h. However, the vdW-DFT+U PEP shows the twofold interaction of both repulsion and attraction between H 2 and ideal-PuO 2 (111) surface, and thus the physisorption state of H 2 (h ≈ 2.2 Å and E ad ≈ −0.10 eV) is well discerned mainly due to the vdW attractive force upon the H 2 from the 'Tasker-type-II' PuO 2 (111) surface, which is not entirely considered in the pure DFT+U method. We note that the DFT+U calculated E ad of H 2 with the T1-Z geometry on the ideal-CeO 2 (111) surface is only ∼20 meV [40] , which is also notably underestimated. Since the surface O-vacancy can enhance the chemical activity of the inert ideal-PuO 2 (111) surface by efficiently lowering the surface work function [31] , some DFT+U PEPs seem to be able to give the weak physisorption states of H 2 on reduced-PuO 2 (111) with E ad of only −50 meV more or less, but even so they can not really describe the interaction between H 2 and reduced-PuO 2 (111) because of the missing vdW force in the treatment. Figure 2(b) shows as an example the T2-Z PEP at reduced-PuO 2 (111). As a matter of fact, the surface O-vacancy will induce the local polarization of ideal-PuO 2 (111) surface and produce a stronger vdW attraction for H 2 . We can see from Fig. 2(b) that the vdW-DFT+U calculated physisorption energy E ad of H 2 near the O-vacancy (namely, h ≈ 1.3 Å over T2-Z site) on reduced PuO 2 (111) surface is about −0.17 eV instead of −50 meV from pure DFT+U, and is somewhat higher of ∼70 meV than the cases of H 2 on ideal-PuO 2 (111) such as F1-Z in Fig. 2(a) . Therefore, in order to reasonably describe the multiple interaction between H 2 and Pu-oxide surfaces, we choose the vdW-DFT+U scheme instead of pure DFT+U method in the following static PEP calculations and AIMD simulations. Time t (fs) Height h (Å) Given the existing high barrier, the most controversial issue about the dissociative adsorption of H 2 actually rests with the reliable method to effectively simulate this extremely rare event and reasonably estimate the corresponding dissociation barriers. Recently, Alam et al.
[42] have simulated the interaction process of hot H 2 molecule with the ideal-CeO 2 (111) and (110) surfaces by using the ultra accelerated quantum chemical molecular dynamic (UA-QCMD) method, which is based on the tight-binding quantum chemistry and the classical MD programs. In their UA-QCMD simulations, the mean velocity of several km/s was given to the H 2 molecule. Here, we perform comprehensive NVE-AIMD simulations to fulfil this task. From Fig. 3(e) we can see that if its initial kinetic energy is set at 0.1 eV, the initially nonrotating and nonvibrating H 2 from T1-X of h 0 = 4.0 Å will bounce back to the vacuum soon and even can not touch the ideal-PuO 2 (111) surface. When the initial E ⊥ k of H 2 is less than 1.0 eV, the diffraction behaviors of molecular H 2 seem to be similar to the case presented in Fig. 3 (e) without reference to its initial geometries. By continually elevating the initial E ⊥ k of H 2 up to 5.0 eV, we find that most of H 2 molecules parallelly hitting the ideal-PuO 2 (111) surface can be broken into two hot H atoms owning high velocities, which are expected to be captured by the surface O anions and eventually form two surface hydroxyl groups, i.e., the above-mentioned stable dissociative adsorption state of H 2 . Whereas, among all AIMD trajectories, the E ⊥ k -dependent dissociation behavior of H 2 from T1-X is an interesting exception and is thus presented in Fig. 3(f) . It shows in Fig. 3 and (110) surfaces [42] . The energy barrier of collision induced dissociation process in this study is estimated to be ∼4.0 eV based on the electronic free energy E 0 of this system in Fig. 3(f) , which is close to the bond energy (∼4.5 eV) of a free-standing H 2 molecule and indicates that the inert ideal-PuO 2 (111) surface can not act as the catalyst for H 2 dissociation. Since moisture can strongly enhance the further oxidation of Pu metal [5, 6] , one can see that both the surface hydroxylation of PuO 2 by H 2 and the interaction between H 2 O and PuO 2 surface are important topics, which will be investigated in our next work. In order to search out the possible lowest dissociation barrier, different incident conditions (namely, the initial E ⊥ k and the angles of incidence in some trajectories) are considered. Figure 3 However, the trajectory started from F1-X indicates that H 2 will never dissociate even if we would further elevate the E ⊥ k in the NVE-AIMD simulation. Thus, the collision-dissociation behavior of H 2 is very site specific on ideal-PuO 2 (111) surface and depends heavily on the incident condition of H 2 . Overall, all the AIMD results well support the static PEPs and leads to a conclusion that the ideal-PuO 2 (111) surface is really difficult of access for H 2 molecule.
As the format of Fig. 3, Fig. 4 presents the interaction behaviors of H 2 molecule with the reduced-PuO 2 (111) surface, based on all static PEP results and some representative AIMD trajectories plotted in the left-and right-hand columns, respectively. From the vdW-DFT+U PEPs, we can see that the molecular physisorption states are ubiquitous for H 2 on reduced-PuO 2 (111) surface when h ≥ 1.3 Å, and the physisorption states of H 2 over the surface O-vacancy (i.e., T2 site) seem to be more stable than others, so that when further depressing the nearby adsorbed H 2 molecules, most of them tend to stride over certain barriers (less than 0.3 eV) to migrate to T2 site. Note that H 2 seems to get much closer to the reduced-PuO 2 (111) surface than to the ideal-PuO 2 (111) surface mainly because of the 25% O-vacancy on the former. However, when h ≤ 1.3 Å, it becomes more and more difficult for H 2 to get further closer to the surface and all these PEPs with h ranging from 4.5 to −0.5 Å do not present the dissociative adsorption of H 2 , which is to some extent similar to the behavior of H 2 on ideal-PuO 2 (111) surface. When the E ⊥ k of H 2 reaches 4.0 eV, the collision induced dissociation of H 2 will take place to yield two hot H atoms in most AIMD trajectories. Whereas, the trajectory started from T1-X still make an interesting exception, which is revealed in Fig. 4(f) . From Fig. 3(g) ] gives the lowest energy barrier of ∼2.0 eV, much lower than the lowest barrier ∼3.2 eV in Fig. 3(g) ; (ii) Whereas, the trajectory started from T2-X (or T2-Y , not shown here) indicates that H 2 will never dissociate even with a higher E ⊥ k . Given the incidental migrations of H 2 from other sites to T2 (see the PEP results in Fig. 4) , we can conclude that the reduced-PuO 2 (111) surface is also difficult of access for H 2 molecule, let along the collision induced dissociation. If H 2 is barely able to react with PuO 2 (111) surfaces, as the smallest diatomic molecule, is there any possibility for it to penetrate vertically into the PuO 2 (111) overlayers? As the continuations of the vdW-DFT+U PEPs in Fig. 2(a) and 2(b) , the PEPs for H 2 penetration into ideal-and reduced-PuO 2 (111) surfaces from the corresponding physisorption states are presented in Fig. 5(a) and 5(b) , respectively. We can see from Fig. 5(a) that the relative energy of the system increases fleetly during the penetration of H 2 molecule into ideal-PuO 2 (111) surface, wherein two insets show atomic structures of two reference points (namely, h = 0 and −1.0 Å). Since H 2 touches the surface (h = 0 Å), its bond (d = 0.8 Å) is stretched notably, and once the whole H 2 enters the surface (h = −1.0 Å), the H-H bond is snapped (d = 1.5 Å) with one H atom binding to the subsurface Pu-cation and the other segregating out of the surface. Upon that, the penetration of H 2 molecule into ideal-PuO 2 (111) surface is too endothermic to occur under ambient conditions because the stoichiometric PuO 2 is so close-grained that the H 2 needs to overcome a high energy barrier of more than 4 eV to be broken before squashing in the PuO 2 overlayer. For the penetration of H 2 molecule into reduced-PuO 2 (111) surface, we can see from Fig. 5(b) that the PEP curve of T2-Z is stepwise, namely, the relative energy first increases rapidly during molecular entry into the surface (−1.5 ≤ h ≤ 1.3 Å) with the penetration barrier of ∼1.5 eV, then increases slowly for the subsurface migration of H 2 (−3.0 ≤ h ≤ −1.5 Å), and ultimately increases sharply when H 2 approaches and binds to the Pu-cation. Once the H 2 reacts with the Pu-cation below, it will dissociate (see the lower inset), and soon the upper H-atom will be segregated out and stay at the site of surface O-vacancy binding with three Pu cations nearby (see the upper inset). Before molecular dissociation, interestingly, the H-H bond is first stretched slightly while H 2 is hauled step by step into the surface, and then relaxes back to the equilibrium state after H 2 entry into the surface, which differs from the variation of d in Fig. 5(a) and indicates that just one surface O-vacancy can let the smallest H 2 molecule enter the PuO 2 surface layer. But the further penetration of H 2 in PuO 2 overlayer (h ≤ −3.0 Å) is found to be very difficult since H 2 meets with the close-grained PuO 2 (111) subsurface layer subsequently.
Thus, according to our current comprehensive study of the interaction properties between H 2 molecule and PuO 2 (111) surfaces, it is found that the close-grained PuO 2 overlayer can efficiently prevent the penetration and diffusion of hydrogen (into the Pu-oxide film), and protect the underlying Pu-metal from hydrogenation. In this subsection, we turn to study the interaction mechanisms between H 2 and the stoichiometric α-PuO 2 (111) surface. Note that in addition to the formation of 25% oxygen vacancies, there is an interesting volume expansion (7.6% in theory and 7.4% in experiment) during the PuO 2 ¡ú-Pu 2 O 3 isostructure reduction mainly due to the strong on-site Coulomb repulsion among the Pu-5f electrons [32] . Thus, compared to the close-grained and smooth PuO 2 (111) surface, the α-Pu 2 O 3 (111) seems to be a porous slab with 25% native O vacancies located on every O-layer, and its surface is not smooth any more. /s, which is really small mainly due to the relatively high penetration barrier (1.0 eV) of H 2 entry the stoichiometric α- it will take much more energy to dig an O-anion out of the surface since further reduction of α-Pu 2 O 3 is very difficult [32] . However, the H 2 molecule with an initial E In order to gain detailed insights into the adsorption states and the diffusion behaviors of H 2 molecule in the α-Pu 2 O 3 (111) matrix, we first carry out systematic total-energy calculations to search for favorable sites for H 2 to stay at. Then, based on the AIMD simulations within canonical ensemble (NVT-AIMD), we discuss the temperature effect on the state or behavior of H 2 in α-Pu 2 O 3 . Figure 8 (a) shows four relatively favorable molecular mass-center sites A n (n=1-4) for H 2 adsorption, and the adsorption energies of H 2 at these four sites are [56] , which can reduce the +4 cation in both fluorite-structured oxides.
According to Table II, the adsorption properties of H 2 molecules at four sites seem to be close to each other, and their temperature-dependent behaviors in α-Pu 2 O 3 are also very similar. For the convenience of depiction, we just plot in Fig. 7 (a) the atomic-and electronicstructure results of the A 1 -site adsorption system. We can see that the H 2 molecule actually stays in suspension at A 1 site, which is near the location of an O-anion in the isostructure 
] and then let the system relax freely, as is shown in Fig. 7(b) . We find that during the initial 400 fs, the H 2 vibrates drastically at A 1 site. Then, this hot H 2 molecule touches the nearby Pu-cation at t = 400 fs, and meanwhile transforms most of the vibration energy into the translation and rotation energy. Soon after that, H 2 migrates quickly to the A 2 site and transfers its kinetic energy towards the vibration of the α-Pu 2 O 3 matrix via the successive collisions with the matrix within ∼400 fs. Eventually (t ≥ 800 fs), the H 2 molecule at A 2 site comes back to the zero-point vibration state after releasing most of its kinetic energy.
The displacement S of H 2 as a function time (t ≤ 2.4 ps) plotted in Fig. 7(b) indicates that the local movement (A 1 →A 2 ) of H 2 is easy but the long-distance diffusion through the four sites seems to be very time-consuming, which can not be directly studied by the AIMD simulations. Overall, this interesting example reveals that the H 2 molecule tends to keep its ground state with the zero-point vibration. seems to be continuous in a stepwise way. By using the CI-NEB method, we search out four TSs [with their sites labeled by T n (n=1-4) in Fig. 8(a) ] from the calculated minimum energy pathways (MEPs) between adjacent sites, which are plotted in Fig. 8 /s for H 2 penetration into α-Pu 2 O 3 (111) overlayer, the diffusion of H 2 in bulk α-Pu 2 O 3 seems to be much easier since the k Diff overall is at least ten orders of magnitude larger than the k Pen hTST . Thus, under oxygen-poor conditions, the course of H 2 entry the α-Pu 2 O 3 overlayer is the final rate-determining step for H 2 penetration through the α-Pu 2 O 3 to reach the Pu-metal. In order to quantificationally determine the rate constants of H 2 penetration, the practical surface configuration of α-Pu 2 O 3 overlayer is a critical factor. But the complex surface conditions of oxide-coated Pu are undoubtedly not as simple as the stoichiometric α-Pu 2 O 3 (111) surface considered in this work, so that we just take the first step towards understanding the hydrogenation of Pu-oxide coated Pu metal.
IV. CONCLUSIONS
In summary, based on the vdW-DFT+U scheme, we have explored the different roles of the Pu-oxide overlayers in the hydrogenation of Pu underlayer. Three model surfaces of Puoxides are considered by varying oxygen conditions. We have found that the physisorption state of H 2 on PuO 2 (111) surfaces can not be captured by pure DFT+U calculations until the van der Waals correction is taken into account. We have shown that the surface O-vacancy induces a local polarization and produce a stronger van der Waals attraction for H 2 , thus the physisorption energy of H 2 near the O-vacancy on the reduced PuO 2 (111) surface becomes higher by ∼70 meV than that on the ideal PuO 2 (111) surface. However, the physisorbed H 2 molecules can not further get close to PuO 2 (111) surfaces. In agreement with the static PEP results, our AIMD simulations have shown that the H 2 molecule will bounce back to the vacuum when its initial kinetic energy is not high enough. Until the initial E ⊥ k reaches ∼5.0 eV (∼4.0 eV), the H 2 molecule parallel to stoichiometric (reduced) PuO 2 (111) surface can be broken. Interestingly, these collision-induced dissociation behaviors of H 2 have been found to be very site-specific. For instance, two H atoms can chemically bind with two O-anions to form hydroxyl groups and can also react with one O-anion to produce a H 2 O molecule. Although the dissociative adsorption of H 2 is very exothermic and can reduce PuO 2 (111) surfaces, it should be an extremely rare event due to the high energy barriers (3.2 and 2.0 eV for H 2 on the ideal-and reduced-PuO 2 (111) surfaces, respectively). Therefore, the closegrained PuO 2 overlayer acts as a diffusion barrier to control the permeation of hydrogen and lengthen the initiation time of Pu-hydrogenation.
As a product of isostructure reduction of PuO 2 , α-Pu 2 O 3 has 25% oxygen vacancies located along 111 diagonals and thus seems to be a porous slab. Our AIMD study have directly revealed that the H 2 molecule can overcome an barrier of ∼1.0 eV and directly penetrate into the α-Pu 2 O 3 (111) film via the O vacancies. By examining the temperature effect and the internal vibrational excitations of H 2 , we have also provided a detailed insight into the interaction dynamics between H 2 and α-Pu 2 O 3 . In α-Pu 2 O 3 , the hot H 2 molecule prefers to release its energy via successive collisions and come back to its ground state with zero-point vibration. The diffusion behavior of H 2 in α-Pu 2 O 3 is also systematically investigated by searching out the minimum diffusion paths and calculating the diffusion rate constants of H 2 . Our results are consistent with the general experimental observations, and come to the conclusion that the PuO 2 overlayer can hinder the hydrogen penetration, provided the isostructure reduction of PuO 2 to α-Pu 2 O 3 is efficiently suppressed.
